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(54) High numerical aperture ring field optical reduction system 


(57) An optical projection reduction system used in 
photolithography for the manufacture of semiconductor 
devices having a first mirror pair (M1, M2; Ml'. M2*; Ml", 
M2*'), a second field mirror pair (M3. M4; M3', M4'; M3", 
M4'*), and a third mirror pair (M5. M6; MS', MS'; M5", 
M6"). Electromagnetic radiation form a reticle or mask 
(10) Is reflected by a first mirror pair to a second field 
mirror pair forming an intermediate image (24, 24', 24"). 
A third mirror pair re-images the intermediate image to 
an image plane at a wafer (22). Ail six mirrors are spher- 
ical or aspheric and rotationally symmetrical about an 
optical axis (OA). An annular ring field Is obtained, a 
portion of which may be used in a step and scan photo- 
lithography system. In another embodiment, weak 

RETICLE 


refracting elements (R1, R2, R3) are Introduced to fur- 
ther reduce residual aberrations allowing a higher 
numerical aperture. In the catoptric embodiment of the 
present invention, a numerical aperture of 0.25 is 
ot>tained resulting in a working resolution of 0.03 
microns with electromagnetic radiation having a wave- 
length of 13 nanometers. The optical projection reduc- 
tion systems are intended for use at extreme ultraviolet 
to the soft X-ray wavelength range. The present inven- 
tion, provides a relatively high numerlcai aperture and 
uses substantially all reflective elements, greatly facili- 
tating the manufacture of semiconductor devices having 
feature sizes below 0.25 microns. 
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Description 

HELD OF THE INVENTION 

5 This invention relates generally to projection lithography, and more particularly to a catoptric and catadioptric opti- 

cal system for use with short wavelengths in the near and extreme ultraviolet or soft X-ray region. 

BACKGROUND OF THE INVENTION 

10 In the manufacture of semiconductor devices, photolithography is often used. Projection optics are used to image 
a mask or reticle onto a wafer. Optical systems using refractive elements have achieved resolutions approaching 0.25 
micrometers operating with illumination sources having wavelengths Off 248 or 193 nanometers. As the element or fea- 
ture size of semiconductor device become smaller, the need for optical projection systems capat>le of providing a res- 
olution less than 0.25 micrometers are needed. In order to decrease the feature size which the optical projection 
15 systems used in photolithography can resolve, shorter wavelengths of electromagnetic radiation must be us^ to 
project the image of a reticle or mask onto a photosensitive substrate, such as a semicorTductor wafer. Because very 
few refractive optical materials are able to transmit significant electromagnetic radiation below a wavelength of 193 
nanometers, it is necessary to reduce to a minimum or eliminate refractive elements in optical projection systems oper- 
ating at wavelengths below 193 nanometers. An optical system that is usable in the deep ultraviolet portion of the spec- 
ie? trum is disclosed in U.S. Patent 4,747.678 entitled XDptical Relay System With Magnrfication" Issuing to Shafer, et al. 
on May 31 , 1988, which is herein incorporated by reference. However, the desire to resolve ever smaller features makes 
necessary optical projection systems that operate at the extreme ultraviolet wavelengths, below 200 nanometers, to the 
soft X-ray wavelengths, around 13 nanometers. While there are several optical projection systems that operate within 
this wavelength region, they are limited to a relatively low numerical aperture of less than 0.1 at the image or wafer. 
25 Increasing the numerical aperture of these designs will result in unacceptably large residual aberrations and obscura- 
tion of the light beams by the edges of the mirrors. While these projection optical systerr^ perform adequately for their 
intended purpose, there is a need for optical projection systems having a higher numerical aperture for use at wave- 
lengths in the extreme ultraviolet or soft x-ray wavelengths, or for resolutions substantiaily less than 0. 1 micrometers or 
microns. 

30 

SUMAAARY OF THE INVENTION 

The present invention comprises three mirror pairs. The first mirror pair includes a positive power mirror imaging an 
entrance pupil onto a secorei mirror of the first mirror pair providing an accessible, real aperture stop. A second mirror 
35 pair receives electromagnetic radiation from the first mirror pair and includes a positive power mirror relaying the aper- 
ture stop to a second real pupil and forming an intermediate image. A third mirror pair receives electromagnetic radia- 
tion from the second mirror pair, and includes a positive power mirror relaying the second real pupil to an exit pupil at 
infinity and imaging the intermediate image to a real final image. A six mirror reduction system of relatively high numer- 
ical aperture is thereby obtained that provides a reduced image of an c*iject. such as a reticle or mask, onto a photo- 
40 sensitive substrate, such as a semiconductor wafer The second mirror pair acts as a fiekJ minor element providing a 
relatively high numerical aperture with good or acc^table image quality. All six mirrors may be aspheric to obtain the 
smallest possible residual aberrations. 

Accordingly, it is an object of the present invention to provide a projection optical system for use with wavelengths 
lower than approximately 200 nanometers and having a relatively high numerical aperture. 
45 It is a further object of the present invention to increase resolution permitting imaging of small element features as 

required in semiconductor manufacture. 

It is an advantage of the present invention that the object and image are accessible for parallel scanning of a reticle 
and wafer stage as used in step and scan photolithography. 

It is another advantage of the present invention that a relatively large field is obtained. 
50 It is a feature of the present invention that an aperture stop is accesstole. 

It is a further feature of the present invention that a field mirror element is used. 

These and other objects, advantages, and features will become readily apparerrt in view of the following detailed 
description. 

55 BRIEF DESCRIPTION OF THE DRAWINGS 

Rg. 1 is a schematic illustration of one embodiment of the present invention. 
Rg. 2 is a schematic illustration of a second emfcxxJimerrt of the present invention. 
Rg, 3 is a schematic illustration of a third embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 schematically illustrates a first embodiment of the present invention. The light from a reticle or mask 10 is 
collected by concave mirror Ml . Dashed line 12 represents the extended curvature of mirror Ml . Mirror Ml reflects elec- 

5 tromagnetic radiation to concave min-or M2. An aperture stop 14 is positioned at or near mirror M2. An entrance pupil 
is positioned a finite distance from the reticle or mask 1 0 and imaged at mirror M2 by mirror M1 . Electromagnetic radi- 
ation is reflected from mirror M2 to concave min-or M3. Dashed fine 16 illustrates the extended curvature of concave 
mirror M3. Electromagnetic radiation from mirror M3 is received and reflected by concave mirror M4. Dashed line 18 
illustrates the extended curvature of concave mirror M4. Electromagnetic radiation is reflected from mirror M4 and 

10 received by convex mirror MS. Dashed line 20 illustrates the extended curvature of convex mirror MS. Electromagnetic 
radiation is reflected from mirror M5 and received by concave min-or M6, and reflected by concave mirror M6 to an 
image location at a wafer 22. All of the mirrors Ml -M6 are substantially rotationajly symmetric about the optical axis OA. 
An intermediate image 24 is formed between the mirrors M4 and MS or at an off-axis location between the first mirror 
pair, Ml and M2, and the third mirror pair, MS and M6. This intermediate image is re-imaged at the wafer 22 by mirrors 

15 M4. MS, and M&. The first mirror pair. Ml and M2, reflects electromagnetic radiation to a second mirror pair, M3 and 
M4. The second mirror pair, M3 and M4, functions as a field mirror element and takes the chief ray leaving mirror M2 
diverging away from the optica! axis OA. and converts it to a chief ray converging toward the optical axis OA for accept- 
ance by a third mirror pair, MS and M6. Accordingly, a field mirror element may be a mirror pair that converts a chief ray 
diverging away from the optical axis OA to a chief ray converging towards the optical axis OA. In this first embodiment 

20 the residual aberrations are small enough to permit use at a wavelength of approximately 13 nanometers. The numer- 
ical aperture in the image space near the wafer 22 in this first embodiment is approximately 0.25. This provides a work- 
ing resolution of 0.03 micrometers or microns. An annular image field having a radius between 29 and 31 millimeters 
from the optical axis OA has aberrations, including distortions small enough for use in a step and scan photolithography 
system with a scanned field size of 30 millimeters in the.cross scan direction. In this first embodiment, a four to one 

25 reduction is obtained. Mirrors Ml -M6 may be spherical or aspheric and fabricated by any conventional means, including 
the placement of coatings thereon such as disclosed in U.S. Patent 5JS3.898 entitled "X-Ray Reduction Projection 
Exposure System of Reflection Type" issuing to Fukuda et al on October 6, 1 992. which is herein incorporated by ref- 
erence. Aspheric mirrors may be used to obtain the smallest possible residual ab^rations. 

The construction data for the optical system illustrated in Fig. 1 according to the present invention is given in Table 

30 1 below. 


35 


40 


45 


SO 


55 


3 

(SOCX:iD: <EP 0779528A2J_> 


EP0779 528 A2 


TABLE 1 


10 


15 


20 


25 


30 


35 


Element Number 

Radius of Curvature 

Thidoiess 

Aperture Diameter 

Glass 


Front Back 


Fr nt Bad^ 


object 

Infinity 

571-0624 






236.9146 




192.0526 



1 

A(1) 

-192.0526 

233.4582 

Refl 



Aperture Stop 

46.3098 




0.0000 



2 

A(2) 

0.0000 

45.7172 

Refl 




45.2145" 




432.1152 



3 

A(3) 

-490.5496 

334.0156 

Refl 

4 

A(4) 

490.5496 

503.2223 

Refl 




240.0123 




^ -62.8918 






261.2488 




320-6990 



5 

A(5) 

-320.6990 

86.6738 

Refl 

6 

A(6) 

320.6990 

227.7070 

Refl 




72.1652 



Image Distance = 

22.3092 



Image 

INF 


62.0000 



In the above table, positive radius indicates the center of curvature is to the right, negative radius indicates the 
center of curvature is to the left dimensions are given in millimeters, thickness is axial distance to next surface, and the 
40 image diameter shown above is a paraxial value and is not a ray traced value. 

Additionally, aspheric constarrts are given by the equation and Table 1 A below. 
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Table 1A 


5 


Aspheric 

Curv 

K 

A 

B 

C 

D 

A(1) 

-0.00204178 

0.000000 

6.26871E-10 

-1.09535E-15 

1.29067E-20 

8.68980E-26 

A(2) 

-0.00248086 

0.000000 

1.0597OE-08 

4.81436E-13 

-1.10750E-15 

7.52743E-19 

A(3) 

-0.00048280 

0.000000 

2.18257E-11 

2.87915E-15 

-6.04832E-20 

3.68423E-25 

A(4) 

0.00101457 

O.OOOOOO 

3.42885E-1 1 

-4.85608E-16 

-3.57675E-22 

1.81445E-26 

A(5) 

0.00355137 

0.000000 

1.77414E-08 

1.15815E-12 

7.13212E-17 

-4.35391 E-21 

A(6) 

0.00258825 

0.000000 

1.36198E-10 

1.22849E-15 

a27928E-21 

1.16903E-25 


75 

Fig. 2 illustrates a second embodiment of the present invention. In this embodiment, the entrance pupil is at infinity, 
resulting in the system being telecentric at the reticle 10. Electromagnetic radiation from the reticle 10 is collected by 
concave mirror ivir and refiected to convex mirror M2'. Dashed line 12' represents the extended curvature of mirror Ml 
20 Mirrors MV and M2' form a first mirror pair. Electromagnetic radiation reflected from convex mirror M2' is collected by 
concave mirror M3'. Dashed line 16' represents the extended curvature of mirror MS*. Electromagnetic radiation is 
refiected from mirror M3' to concave mirror M4*. Dashed line 18' represents the extended curvature of mirror M4'. Mir- 
rors M3' and M4' form a second mirror pair acting as a field mirror element. Electromagnetic radiation is reflected from 
mirror M4' and is collected by convex mirror M5\ Dashed line 20' represents the extended curvature of mirror M5'. Elec- 
ts tromagnetic radiation is reflected from mirror M5' and collected by mirror M6*. Mirrors M5' and M6' form a third mirror 
pair. The electromagnetic radiation reflected from the concave mirror M6' is imaged at a wafer 22, All of the mirrors MV- 
M6' are rotationally symmetrical al^out the optical axis OA. The field mirror element mirror pair M4' and M3* form an 
irttermediate image plane 24* after mirror M4* and close to mirror M6' or at an off -axis location between the mirrors of 
the third mirror pair M5' and M6'. This is advantageous at high numerical apertures to minimize the electromagnetic 
30 radiation beam size that has to clear the edge of mirror M6'. The third minor pair, mirrors M5' and M6\ re-image the 
image at the intermediate image plane 24' to a final irnage at tiie wafer 22. In this second embodiment the image space 
is telecentric. that is the exit pupil is at infinity. This second embodiment has a four to one reduction ratio, and the numer- 
ical aperture into the image space near the wafer 22 is 0,55. At this relatively high numerical aperture, the residual aber- 
rations are small enough that the optical projection system may be used at wavelengths of approximately 193 
35 nanometers. This allowing a working resolution of 0.25 microns or micrometers. An annular field formed between a 
radius of 29.5 and 30.5 millimeters from the optical axis OA at the wafer 22 is sufficient for use in a step and scan lithog- 
raphy system with a field size of 30 millimeters in the cross-scan direction. 

The construction data for the optical system illustrated in Fig. 2 according to the present invention is given in Tattle 
2 below. 
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TABLE 2 


10 


15 


20 


25 


30 


35 


Element Number 

Radius of Curvature 

Thickness 

Aperture Diameter 

oiass 


Front Back 


Front Back 


object 

Infinity 

407.8161 






OCT cn/\c 

357.5906 




264.5379 



1 

A{1) 

-264.5379 

419.5247 

Reti 



Aperture Stop 

77.5026 




0.0000 



2 

A(2) 

^S, AAA A 

0.0000 

74.9379 

Refi 




77.3224 




390.2371 



3 

A(3) 

-260.0000 

467.2174 

Refl 

4 

A(4) 

260.0000 

527.2466 

Refl 




240.4502 




-5.6992 










186 2863 



5 

A(5) 

-186.2863 

92.0895 

Refl 

6 

A(6) 

186.2863 

272.0483 

Refl 




82.3061 



Image Distance = 

20.0000 



Image 

INF 


60.9996 



In the above table, positive radius indicates the center of curvature is to the right, negative radius irxiicates the 
center of curvature is to the left, dimensions are given In millimeters, thickness is axial distance to next surface, and the 
40 image diameter shown above is a paraxial value and is not a ray traced value. 

Additionally, aspheric constants are given by the equation and Table 2A below. 
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Table 2A 


5 


10 


Aspheric 

Curv 

K 

A 

B 

C 

D 



E 

F 

G 

H 

J 

A(1) 

-0.00184131 

0.000000 

2.24506E-12 

-1.06529E-15 

1.40153E-20 

-1.48525E-26 



O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+00 

A(2) 

-0-00344767 

0.000000 

2.70239E-08 

6.29102E-12 

1.39941E-15 

-1.11823E-19 



3.43046E-23 

O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+00 

A(3) 

-0.00073996 

0.000000 

3.47651 E-10 

1.86467E-16 

-3.27086E-20 

1.15234E-25 



O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+OO 

A(4) 

0.00145483 

0.000000 

-6.10242E-11 

7.82453E-16 

-8.981 58E-21 

-4.15911E-26 



O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+00 

A(5) 

0.00444460 

0.000000 

1.67615E-07 

1.75232E-11 

8.40253E-16 




6.03283E-23 

O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+00 

A(6) 

0.00442274 

0.000000 

5.24492E-10 

8.43072E-15 

4.12933E-19 

-9.76520E-24 



5.15810E-28 

O.OOOOOE+00 

O.OOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+00 


25 

Fig. 3 illustrates a third embodiment of the present invention. This third embodiment illustrates a catadioptric sys- 
tem. Electromagnetic radiation from the reticle 10 is refracted by a first lens element R1 . The electromagnetic radiation 
is then collected by concave mirror M 1 " and reflected to a second lens element R2. Lens element P2 is near or adjacent 

30 convex mirror M2". Mirrors Ml" and M2'* form a first mirror pair. Dashed line 12" represents the extended curvature of 
mirror Ml". Electromagnetic radiation is reflected from mirror M2" and collected by mirror M3". Dashed line 16" repre- 
sents the curvature of concave mirror M3". Electromagnetic radiation is reflected from mirror M3" and collected by con- 
cave mirror M4". Dashed line 18" r^resents the curvature of mirror M4". Mirrors M3" and M4" form a second min-or 
pair. Electromagnetic radiation reflected from mirror M4" is collected by convex mirror M5". Electromagnetic radiation 

35 reflected from mirror M5" is collected by concave mirror MS". Mirrors M5" and M6" form a third min-or pair. Electromag- 
netic radiation reflected from mirror M6'* is directed to a lens element R3 and is then imaged at an image plane at wafer 
22. The second mirror pair, mirrors M3" and M4", form a field mirror element providing an intermediate image plane 24" 
between mirrors M6" and M3". The third mirror pair M5" and M6" re-image intermediate image plane 24" at the wafer 
22. All of the mirrors Mr'-M6" and the refractive lens elements R1 -R3 are rotationally symmetrical about the optical axis 

40 OA. The lens elements R1-R3 are refracting elements that reduce residual aberrations allowing operation at a higher 
numerical aperture in the inrage space near the wafer 22. In this third embodiment the numerical aperture at the image 
space near the wafer 22 is 0.6. An annular field having a radius between 29 and 31 millimeters from the optical axis OA 
is formed that may comfortably resolve 0.225 micron features using electromagnetic radiation at a wavelength of 193 
nanometers. In this third embodiment 0.18 micron feature sizes may be achievable with the appropriate reticles, iliunii- 

45 nation conditions, and photo resist. An advantage of this third catadioptric embodiment is that the first lens element R1 
may also serve as a sealing window if desired. This is desirable when the system is used in a purged environment. Lens 
element R1 may additionally be moved axially along the optical axis OA to make fine adjustments to system magnifica- 
tion. While the mirror Ml" could be used for fine adjustments to magnification, mirror Ml" is much more sensitive to 
alignment errors during axial movement. Lens element R3 may also be used as a sealing window. Additionally, lens ele- 

50 ment R3 may act as a substrate on which min-or M5" may be formed. The lens element R3 may have an aspheric sec- 
ond surface primarily to reduce residual distortion errors. This, the second surface of lens element R3, allows a wider 
annular field width to be used. Lens element R2 is primarily used to correct tiie chromatic variation of focus introduced 
by refractive lens elements R1 and R3. Chromatic variation of magnification is corrected by balancing the contributions 
from lens elements R1 and R3. Chromatic correction is good enough in this embodiment to allow the use of an unnar- 

55 rowed excimer laser source operating at 193 or 248 nanometers, or even a filtered mercury lamp operating at 248 
nanometers. The optical projection system of this third embodiment is designed to operate at a four to one reduction 
ratio. 

The construction data for the optical system illustrated in Fig. 3 according to the present invention is given in Table 
3 below. 
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TABLE 3 


5 


10 


15 


25 


Element Number 

Radius of Curvature 

Thickness 

Aperture Diameter 

Glass 


Front 

Back 


Front 

Back 


Object 

INF 

363.7117 




1 

528.5985 CX 

580.6353 CC 

30.0000 

369.2458 

367.0565 

*silica' 




20.0000 








364.0844 





229.7508 




2 

A( 

1) 

-209.7508 

414.3396 

Refl 

'3 

-83-4955 CX 

-75.5672 CC 

-15.0000 

97.0160 

79.4269 

'silica' 




-11.6150 







Aperture Stop 

72.1226 


4 

A( 

2) 

11.6150 

72.1226 

Refl 

5 


15.0000 

77.0143 

93.4487 

'silica' 


-75-5672 CC j -83.4955 CX 

407.8622 




6 

A(3) 

• -635.1022 

691.6152 

Refl 

7 

A(4) 

635.1022 

1006,3416 

Refl 





131-7841 





-62.2903 








177-7085 





134.7903 




8 

A( 

5) 

-134.7903 

89.6331 

Refl 

9 

A(6) 

134.7903 

223.8931 

Refl 

10 

A(7) 

A{8) 

17,5000 

88.9023 

73.3478 

'silica' 


Image Distance = 

10.0000 




IMAGE 

INF 


62.0953 



40 


In the above table, positive radius indicates the cerrter of curvature is to the right negative radius irxiicates the 
center of curvature is to the left, dimensions are given in millimeters, thickness is axial distance to next surface, and the 
45 image diameter shown above is a paraxial value and is not a ray traced value. 

Additionally, aspheric constants are given by the equation and Table 3A below- 

Z= {CURV)Y ^^^^ V^+(S) Y^HC) V^+{D) Y^^ +{E) Y^^+[F) V^^+(G) Y^^HH) Y^^^J) Y^^ 

so ^HH^+K)(CURV) ^ y^) 
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Table 3A 


5 


10 


25 


Aspheric 

Curv 

K 

A 

B 

C 

D 



E 

F 

G 

H 

J 

A(1) 

-0.00204511 

0.000000 

2.33031 E-10 

-2.54108E-16 

1.19279E-20 

7.03022E-26 



O.OOOOOE+00 

O.OOOOOE+00 

0-OOOOOE+OO 

O.OOOOOE+OO 

O.OOOOOE+00 

A(2) 

-0.00552141 

0.000000 

-3.1391 1E-09 

5.79100E-12 

-7.4241 4E-1 6 

1.18359E-18 



-2.35686E-22 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+OO 

O.OOOOOE+OO 

A{3) 

-0.00053739 

0.000000 

1.97475E-10 

-1.92949E-16 

-1.05508E-21 

3.23255E-27 



O.OOOOOE+00 

O.OOOOOE+00 

0,00000E+OO 

O.OOOOOE+00 

O.OOOOOE+OO 

A(4) 

0.00101984 

0.000000 

-1.51028E-11 

-2.2441 3E-1 8 

-3.43794E-23 

-1.20284E-28 



O.OOOOOE+00 

O.OOOOOE+00 

O.OpOOOE+OO 

O.OOOOOE+OO 

O.OOOOOE+00 

A(5) 

0.00387779 

0.000000 

1.19897E-07 

1.63739E-11 

1 ,80437E-1 5 

-5.46296E-19 



2.19063E-22 

-2.9031 1E-26 

O.OOOOOE+OO 

O.OOOOOE+00 

O.OOOOOE+OO 

A(6) 

0.00571450 

0.000000 

2.26163E-09 

8.71431E-14 

5.66545E-19 

3.51393E-22 



-1 .62403E-26 

7.29705E-31 

O.OOOOOE+OO 

O.OOOOOE+OO 

O.OOOOOE+OO 

A(7) 

0.00387779 

0.000000 

1.19897E-q7 

1.63739E-11 

1.80437E-15 

-5.46296E-19 



2.19063E-22 

-2.9031 1E-26 

O.OOOOOE+OO 

O.OOOOOE+00 

O.OOOOOE+OO 

A(8) 

0.00280709 

0.000000 

-2.73857E-08 

3.4051 9E- 10 

-6-15022E-14 

-1.29049E-17 



O.OOOOOE+00 

O.OOOOOE+00 

O.OOOOOE+OO 

O.OOOOOE+OO 

O.OOOOOE+OO 


Accordingly, the present invention, by using three mirror pairs, with the second mirror pair being a field mirror ele- 
ment, greatly increases the numerical aperture possible in an optical projection reduction system for use with electro- 
35 magnetic radiation at wavelengths below approximately 200 nanometers. This greatly increases the field size as well as 
maintaining necessary resolution, permitting practical application for use in the manufacture of semiconductor devices 
having features smaller than 0.25 microns. 

Additionally although the preferred embodiment has been illustrated and described, it will be obvious to those 
skilled in the art that various modifications may be made without departing from the spirit and scope of this invention. 

40 

Claims 

1 . An optical reduction system for use in photolithography, from the long conjugate end to the short conjugate end. 
comprising: 

45 

a first mirror pair; 

a field mirror pair positioned to receive electromagnetic radiation reflected from said first mirror pair; and 
a third mirror pair positioned to receive electromagnetic radiation reflected from said field mirror pair, 

so whereby an intermediate image is re-imaged to a final image at an image plane. 

2. An optical reduction system as in claim 1 wherein: 

the intermediate image is formed at an off-axis location between said first mirror pair and said third mirror 

pair. 

55 

3. An optical reduction system as in daim 1 wherein: 

the intermediate image is formed at an off-axis location between min-ors of said third mirror pair. 

4. An optical reduction system as in claim 1 wherein: 
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an aperture stop is formed at or near one mirror of said first nmrror pair. 

5. An optical reduction system as in daim 1 wherein: 

said first mirror pair, said field mirror pair, and said secorKj mirror pair are rotationally symmetrical about an 
5 optical axis. 

6. An optical reduction system as in daim 1 wherein: 

said first minnor pair, said field mirror pair, and said second mirror pair are aspheric. 

10 7. An optical reduction system as in daim 1 further conprising: 

. a first refractive element positioned between an object and said first mirror pair; 

a second refractive element fxjsitioned at or near a second mirror of said first mirror pair; and 
a third refractive element positioned between an image and said third minor pair. 

15 

8. An optical reduction system as in daim 7 wherein: 

said first refractive element is axially movable along an optical axis. 

9. An optical reduction system as in daim 7 wherein: 

20 the chromatic variation of focus introduced by said first refractive elemerrt and said thifd refractive element 

is substantially corrected by said second refractive element. 

10. An optical reduction system as in daim 7 wherein: 

the chromatic variation of magnification is substantially corrected by balancing contributions from said first 
25 refractive element and said third refractive element. 

11. An optical reduction system for use in photolithography, from tiie long conjugate end to the short conjugate end. 
comprising: 

30 a first mirror pair; 

a field mirror pair, said field mirror pair positioned to receive a chief ray reflected from said first mirror pair 

diverging away from an optica! axis and converting it to a chief ray converging towards the optical; and 

a third mirror pair, said third mirror pair positioned to receive the chief ray reflected from said field mirror pair, 

35 whereby a reduced image of an object is formed. 

12. An optical reduction system for use in photolithography, from the long conjugate end to the short conjugate end. 
comprising: 

40 a first concave mirror; 

a second mirror; 

a third concave mirror; 

a fourth concave mirror; 

a fifth convex mirror; and 
45 a sixth concave mirror, 

whereby two of said first, second, third, fourth, fifth or sixth mirrors act as a field mirror pair. 

13. An optical reduction system as in claim 12 wherein: 
50 said second mirror is concave. 

14. An optical reduction system as in daim 12 wherein: 

said second mirror is convex. 

55 15. An optical reduction system as in daim 12 wherein: 

an aperture stop is formed at or near said second mirror 

16. An optical reduction system for use in photolithography, from tiie long conjugate end to the short conjugate end. 
comprising: 
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a first concave mirror; 

a second mirror positioned to receive reflected electromagnetic radiation from said first concave mirror; 
a third concave mirror positioned to receive reflected electromagnetic radiation from said second mirror: 
a fourth concave mirror positioned to receive reflected electromagnetic radiation from said third concave mir- 
5 ror; 

a fifth convex mirror positioned to receive reflected electromagnetic radiation from said fourth concave mirror; 
and 

a sixth concave mirror positioned to receive reflected electromagnetic radiation from said fifth convex mirror, 
said first, second, third, fourth, fifth and sixth mirrors being centered on an optical axis, 
10 said third concave mirror receiving a chief ray diverging away from the optical axis, and 

said fourth concave mirror receiving the chief ray reflected from said third concave mirror and reflecting the 
chief ray causing it to converge toward the optical axis. 

17, An optical reduction system as in claim 16 wherein: 

75 the electromagnetic radiation has a wavelength less than 200 nanometers 

18. An optical reduction system as in daim 17 wherein: 

an intermediate image is formed between said third concave mirror and said fourth concave mirror. 

20 19, An optical reduction system as in claim 17 wherein: 

an intermediate image is formed between said fifth convex mirror and said sixth concave min'or. 

20. An optical reduction system as in claim 16 further comprising: 

25 a first refractive element located between an object and said second mirror: 

a second refractive element located at or near said second mirror: and 
a third refractive element located between an image and said fifth mirror. 

30 


35 


40 
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50 
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(54) High numerical aperture ring field optical reduction system 


(57) An optical projection reduction system used in 
photolithography for the manufacture of semiconductor 
devices having a first mirror pair (Ml , M2; Ml M2*; M V. 
M2"). a second field mirror pair (M3. M4; M3\ M4'; M3", 
M4"). and a third mirror pair (MS. MB; M5\ MB'; M5". 
MB"). Electromagnetic radiation form a reticle or mask 
(10) is reflected by a first mirror pair to a second field 
mirror pair forming an intermediate image (24, 24', 24"). 
A third mirror pair re-images the intermecfiate image to 
an image plane at a wafer (22). All six mirrors are spher- 
ical or aspheric and rotationally symmetrical about an 
optical axis (OA). An annular ring field is obtained, a 
portion of which may be used in a step and scan photo- 
lithography system. In another embodiment, weak 


refracting elements {R1, R2, R3) are introduced to fur- 
ther reduce residual aberrations allowing a higher 
numerical aperture. In the catoptric embodiment of the 
present invention, a numerical aperture of 0.25 is 
obtained resulting in a working resolution of 0.03 
microns with electromagnetic radiation having a wave- 
length of 13 nanometers. The optical projection reduc- 
tion systems are interxled for use at extreme ultraviolet 
to the soft X-ray wavelength range. The present inven- 
tion, provides a relatively high numerical aperture and 
uses substantially all reflective elements, greatly facili- 
tating the manufacture of semiconductor devices having 
feature sizes below 0.25 microns. 
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